This paper investigates inter-relationships among the price behavior of oil, gold and the euro using time series and neural network methodologies. Traditionally gold is a leading indicator of future inflation. Both the demand and supply of oil as a key global commodity are impacted by inflationary expectations and such expectations determine current spot prices. Inflation influences both short and long-term interest rates that in turn influence the value of the dollar measured in terms of the euro. Certain hypotheses are formulated in this paper and time series and neural network methodologies are employed to test these hypotheses. We find that the markets for oil, gold and the euro are efficient but have limited inter-relationships among themselves.
Introduction
This paper studies the inter-relationships between three important markets: oil, gold and the euro during 2000-2007. There are two approaches to such a study. First, one can use a microeconomic methodology to determine the price formation in these three markets and investigate factors affecting the demand, supply and market structure. Second, one can follow a macroeconomic methodology by investigating statistical inter-relationships among these three markets. This second approach is the one we have chosen because we are investigating financial interrelationships in the global markets for oil, gold and the euro.
The reason for selecting this approach is our interest in searching for statistical and financial linkages between these three markets. Such linkages may lead to arbitrage opportunities and appropriate trading strategies. For example, it is reasonable to argue that increases in the price of oil (due to say, increased demand from a rapidly growing country such as India or China) contribute to inflationary concerns that may cause the price of gold to also increase. Gold prices often anticipate future inflation as well as supply and demand fundamentals for this precious metal. If oil prices increase and gold prices also increase, economic analysis suggests that interest rates will also increase. If the U.S. Federal Reserve follows an easy monetary policy in order to sustain economic growth relative to the European Central Bank, it is reasonable to argue that the U.S. dollar will depreciate in comparison to the euro.
In section 2, we introduce some hypotheses about the relationship between oil, gold, and the euro. In particular we observe that a depreciation of the U.S. dollar against the euro may generate fears of global inflation for countries that peg their currency to the dollar and induce oil producing countries to demand compensation for their oil. In turn, such appreciation in the price of oil may fuel increases in the price of gold. These ideas are formulated in detail in section 2.
In section 3, we provide a brief overview of these three markets and highlight that the hypothesized relationships did not exist prior to 1999, simply because the euro is a very recent creation. We then proceed to describe our data in section 4 and test our hypotheses using both time series and neural network methods in sections 5 and 6. Our conclusions are summarized in section 7.
Hypotheses
The euro was created on January 1, 1999 and, in a relatively short period since its creation, has challenged the U.S. dollar for global currency leadership. Currently the euro is considered to be the second most important global currency after the U.S. dollar, followed by the Japanese yen and the British pound. Some authors, such as Chinn and Frankel (2008) claim that the euro may actually challenge the dollar in the longrun. Kondonassis, Paraskevopoulos and Malliaris (2007) provide data to show that among global currencies, about 60% of global transactions are conducted in U.S. dollars, 20% in euros, 5% in yen and also 5% in British pounds. Oil, gold and most major energy, metal and agricultural markets are all transacted in U.S. dollars.
We initially investigate the efficiency of these three markets. In view of the fact that all three markets are very actively traded across the globe, we expect any publically available information to be quickly incorporated and reflected in the prices. So, we hypothesize that these three markets are efficient in the semi-strong sense. We wish, however, to go beyond market efficiency and investigate what, if any, relationships exist between oil, gold, and the euro? From an efficient markets hypothesis perspective each of these markets responds quickly to newly arrived information relevant to this particular market. However, from a general equilibrium perspective, important relationships may exist among these three markets.
We first, hypothesize that all three follow the standard random walk hypothesis because these are traded in highly efficient global markets. We also go beyond to argue that these markets may be economically linked. In particular, we argue that oil price increases are an important source of commodity inflation that contributes to increases in the price of gold because gold is considered to be a general hedge against inflation. We hypothesize that if oil supply disruptions and/or increases in the demand for oil, primarily from large emerging economies such as India, China and Brazil, contribute to oil price increases, these in turn will also influence the price of gold in some measure.
We also hypothesize that increases in the price of gold, independent of its relationship to oil, may signal inflationary expectations and cause oil producing countries to seek increases in the price of oil. In addition, we claim that since both oil and gold are globally traded in U.S. dollars, increases in the prices of oil and gold measured in dollars will reflect a strengthening of the euro, unless concurrently the euro weakens in terms of the U.S. dollar for reasons unrelated to gold or oil. Furthermore, the interest in the financial behavior of the euro is motivated by the fact that the euro is now the second most dominant global currency after the U.S. dollar as reported in Kondonassis, Paraskevopoulos and Malliaris (2007) . Thus, the global currency competition between the dollar and the euro implies that a weakening of the U.S. dollar is expressed as an increase in the price of a euro in terms of dollars.
For the purpose of an illustration, let the price of oil per barrel be $50, the price of gold per ounce $500 and the euro be $1.20. Suppose oil increases to $55 and gold increases to $525. Economic reasoning would argue that in response to the price changes of oil and gold, currency prices will also change. In view of the convention that oil and gold are traded globally in U.S. dollars, as oil and gold producing countries observe price increases in oil and gold they may demand further compensation if the U.S. dollar depreciates in terms of the euro. Thus, commodity prices influence the euro but conversely, a strengthening of the euro in terms of U.S. dollars may also induce an increase in the price of oil and gold. Of course, currencies respond to several other factors such as national and global interest rates, inflationary expectations and general economic prospects. We hypothesize that the euro is more sensitive to oil than gold because energy is a component of price indices measuring inflation.
These hypotheses propose possible economic and financial linkages between these three markets that have not been studied in the literature, primarily because the euro is a new financial innovation. The markets for oil and gold have been extensively studied but we attempt here to bring together these three markets and use recent methodologies to uncover emerging relationships. Carpenter (2004) in Forbes and Hanke (2007) in Bloomberg discuss possible linkages among these three markets and give their reasons.
For example, Hanke (2008) claims that easy monetary policies by the Fed during 2003-07 fueled increases in the price of oil and gold and weakness in the U.S. dollar as reflected in the appreciation of the euro. Bordo, Dittmar and Gavin (2007) and several other authors earlier such as Aliber (1966) , Barro (1979) , Bordo (1981) , Goodfriend (1988) , Eichengreen (1992) , Bordo and Kydland (1995), Fujiki (2003) , and Canjels, Prakash-Canjels, among numerous others, have presented various aspects of the role of the gold standard as a global monetary system. These studies document the role of gold in preserving price stability. When economists discuss the classical gold standard as a monetary system that has been associated with price stability, the emphasis is always on the long run. Short-term price variability occurred often due to real shocks to the economy but adhering to the gold standard ensured overall long-run price stability. The main disadvantage of the gold standard was its cost in terms of constraining real economic growth.
Brief Review of the Literature
Independent of anchoring the global monetary system on gold, after August 15, 1971 , the metal ceased its association with global monetary matters but maintained its property as an indicator of inflation. Diba and Grossman (1984) argued theoretically and investigated empirically whether the price of gold exhibits rational bubbles. They concluded that the empirical analysis finds a close correspondence between the time series properties of the relative price of gold and the time series properties of real interest rates. Theoretically, real interest rates are a proxy for the fundamental component of the relative price of gold. The authors conclude the evidence is consistent with the combined hypotheses that the relative price of gold corresponds to market fundamentals, that the process generating first differences of market fundamentals is stationary, and that actual price movements do not involve rational bubbles.
From 1982 to 2005, the spot price of gold per ounce fluctuated between $250 and $500. During the years 2005-07, the price of gold skyrocketed to over $1,000. Can we say that such an increase foretells great future inflation or has gold's property of being a hedge against inflation been replaced by some other property?
With regard to oil, we can organize the large literature into microeconomic and macroeconomic studies. Representative of the first approach is the recent study of Elekdag, Lalonde, Laxton, Muir and Pesenti (2008) that develops a five-region model of the global economy and considers various scenarios to study the implications of different shocks driving oil prices worldwide. The model introduces significant real adjustment costs in the energy sector, making both the demand and supply for crude oil extremely inelastic in the short run, thus requiring large movements in crude oil prices to clear the energy market.
To answer the question about the underlying causes of the oil price run-up since 2003, the authors offer a story based on stronger productivity growth in oil importing regions coupled with shifts in oil intensity in production (emerging Asia), and (to a much lesser extent) pure price increases by oil producers. Oil price shocks stemming from higher growth in the oil-importing regions are accompanied by wealth transfers through terms-of-trade movements, leading consumption to grow slower than output in the oilimporting regions. In the medium term, high investment rates in the high-growth regions crowd out investment in the oil-exporting regions. These results need not hold if higher oil prices bring about expectations of a larger availability of oil reserves in the future.
Moreover, the positive effects of higher oil prices on consumption need not translate into reduced current account surpluses in the oil-exporting regions, to the extent that they are accompanied by an upward shift in the desired net foreign asset positions. The conclusions about the role of increased productivity in the oil-importing regions can be reinforced by considering emerging Asia in particular, with its increased intensive use of oil in the production of tradable goods.
Henning and Shaw (2000) study the microeconomic market structure of oil and gas markets. They study differences in oil and gas market values and provide explanations due to risk differences. Lin and Duan (2007) analyze the oil convenience yields estimated under supply and demand shocks and find that oil prices and convenience yields follow seasonal patterns.
The second approach assesses the macroeconomic impact of the oil sector on the economy. Earlier, Hamilton (1983 Hamilton ( , 1996 , Hooker (1996 Hooker ( , 2002 , Bernanke, Gertler and Watson (1997) and Finn (2000) and more recently Blanchard and Gali (2007) , Herrera and Pesavento (2007) , Mileva and Siegfried (2007) , Nakov and Pescatori (2007) , and Kilian (2008) have studied various implications of the price of oil on the U.S. economy, inflation and monetary policy. The existing literature on oil has reached several broad conclusions from these studies. First, the effects of oil price shocks have changed over time, with steadily smaller effects on prices and wages, as well as on output and employment. In other words, the energy sector remains significant but its macroeconomic impact has steadily declined over the last two decades. In particular, the decrease in the share of oil in consumption and in production has declined enough to have quantitatively significant implications. Second, the increased credibility of monetary policy during the Great Moderation period of 1984 to 2007 has contributed to the decline of inflationary expectations and the impact of oil shocks.
In contrast to these issues addressed in the existing literature we consider the question: Are increases in the prices of oil related to the appreciation of the euro and gold?
With respect to the euro, in a matter of a few years, a very large bibliography has emerged that describes the creation of this new global currency and its relative success. Portes and Rey (1998) offer a comprehensive background of the monetary history of the emergence of the euro while Chinn and Frankel (2005) , Eichengreen (2007) , and Bordo and James (2008) speculate on euro's future emergence as a competitor to the U.S. dollar.
The euro initially weakened from 1999 to 2001, but has strengthened considerably against the U.S. dollar during 2002 to 2007. The euro's volatility appears to exhibit similar behavior of other leading currencies and is related to its volume of transactions as discussed in Bhar and Malliaris (1998) .
This review of the literature illustrates that gold and oil have played important roles and have been studied essentially independent of one another. Gold has served as the anchor of the Global Monetary System known as the Gold Standard. Since the introduction of the euro and in particular during the 2000-07 period, the euro, gold and oil appear to be interrelated. We claim in the hypotheses listed in section 2 that the weakness of the U.S. dollar as measured by the appreciation of the euro from about $.80 per euro to $1.55 per euro during the pre-crisis period 2000-07 is partially inter-related both to the price of oil moving from about $20 per barrel to $110 and the price of gold from about $300 to over $1,000. Thus, unlike the existing literature that has studied the markets for oil, gold and the euro independent of each other, we propose in the hypotheses stated earlier to study the impacts of these markets on each other.
Data
We use daily spot prices for gold, oil, and the euro. The data sample covers the time period from January 4, 2000 through December 31, 2007 and was downloaded from
Bloomberg. There are a total of 2,031 observations for prices for each of the three daily closing prices. During this time all three series experienced great movement, the price of oil varied from $17.45 to $98.18; gold had a low of $255.10 and a high of $839.60; and the Euro moved from $0.83 to $1.49. For analysis, all data was transformed into natural logarithms of the raw data.
Time Series Methodology and Results
The hypotheses stated above are tested with two complementary methodologies. We first employ in this section time series analysis such as the augmented Dickey and Fuller tests of stationarity and tests of cointegration and then we follow neural network methodologies. Figure 1 shows the natural logarithm of the three data series. 
Test of Stationarity
The time series econometrics is described in detail in Enders (2010) . According to this methodology, we need first to investigate the stationarity of our three series of data using the augmented Dickey and Fuller (ADF) (1979) test:
Where t X represents the logarithm of the price of the appropriate variable and is called the level of the variable. The null hypothesis of non-stationarity is H 0 : a 2 = 0. If the null hypothesis cannot be rejected for the level of the variable but is rejected for the first difference, then the variable is stationary in the first difference and it is said that the variable is integrated of order 1, denoted by I(1). Model (1) can be extended to include a constant and/or a trend as described in (1) and Table 1 .
First, the natural logarithms of the prices of oil, gold and the euro follow random walks. These random walks are of three types: a random walk with no constant and no time trend, a random walk with a constant and a random walk with a constant and trend.
We have also tested these three models with zero, five and twenty lags, the length of these lags having been decided by the Akaike criterion. While the log price levels of oil, gold and the euro follow three types of random walks, the hypotheses that their differences are also random walks is rejected in the lower level of Table 1. Thus we conclude that oil, gold and the euro are integrated of order one written as I(1). 
Tests of Cointegration and Causality
The idea that a variable is integrated can be extended to two variables and if both variables are integrated one may ask if they are cointegrated. Specifically, if two time series, X t and Y t , are both nonstationary in levels but stationary in the first difference, it is said that variables, X t and Y t , are I(1). Cointegration represents a long-run equilibrium relationship between two variables. The intuition behind cointegration is that beyond the random walk followed by each variable such randomness preserves a relationship between the two variables. Engle and Granger (1987) propose several methods to test for cointegration between two time series. Their methods have been generalized by Johansen (1991, 1995) who examines long-run equilibrium relationships among several variables instead of just pairwise. In our case we wish to investigate what if any long-term relationships exist among oil, gold and the euro. Thus, we perform a three-variable cointegration test following the Johansen cointegration methodology.
Tables 2 and 3 summarize the results of the Johansen cointegration test. We fail to reject the hypothesis of no cointegration among ln oil, ln gold and ln euro at the 0.05 critical value. Several specifications were tested, and none rejected the "no cointegration"
hypothesis. This is surprising in view of the fact that these three markets respond to inflationary expectations. Shorter period equilibrium relationships may exist for all three variables or equilibrium relationships may exist between pairs of these variables. It may be possible that cointegration holds for certain subsamples.
Now that the three-variable cointegration methodology cannot reject the nocointegration among oil, gold and the euro null hypothesis, we have two choices. One option is to stop further time series investigations. Another is to proceed with the standard procedure of time series methodology and investigate Granger causality. In view of our finding of no cointegration we hypothesize that causality is not present since the variables do not have a stable longrun equilibrium among themselves. To test this hypothesis we perform two causality tests. There is a simple two-variable causality and the more general several variable causality test. We say that the time series, Y t , "causes" another time series, X t , if the current value of X can be predicted better by using past values of Y than by not doing so, considering also other relevant information, including past values of X. Table 4 confirms, as expected, that there is no pairwise causality. Pairwise Granger causality has been generalized by Hsiao (1981 Hsiao ( , 1982 and Giannini and Mosconi (1992) by extending a two variable VAR into a three-variable VAR. The three-variable VAR on ln oil, ln gold and ln euro has automatic lags specification based on Akaike's criterion. Hsiao's method follows a two-step procedure to determine the optimum lag length and also the direction of causality. Table 5 confirms that no causation among the three variables (see chi-sq statistic for All in Table 5 ) can be detected.
Pairwise causation also does not exist except in the case of gold and the euro. The hypothesis that the euro does not cause gold cannot be rejected. The results of this section indicate that for the large number of observations in our sample, 2031 observations to be exact, covering the 2000-2007 period, the main conclusion of time series analysis is that these three markets are efficient in the semistrong sense, where all publically available information is quickly incorporated in the prices. General equilibrium considerations play an important role and there may be linkages among these three markets, perhaps over short periods but none are detected for the longrun. These three markets appear independent with no evidence of cointegration and therefore with no statistical significance to identify clear causation among these variables. Therefore the various very short-term arbitrage strategies that are occasionally reported in the financial press among oil, gold and the euro as reflecting expected inflation and thus moving in similar trends find no clear evidence from time series methodology.
Neural Network Methodology
In this section we employ a neural network methodology to further explore the relationships among oil, gold and the euro. Neural network methods offer a much larger menu of potential relationships among these three variables than the time series approach.
In view of the fact that neural network methods uncover nonlinear relationships that need not be financially or economically motivated, the usual criterion of the effectiveness of the neural network methodology is its success in predictability.
If any of these variables cause the others, then we should be able to forecast the values of one using information from lags of itself and the others. We first selected a random 10 percent of the data from each year of the data set from 2000 through 2007 to use as a holdout testing set. We then forecasted the each of the three variables, ln gold, ln oil, and ln euro.
All data is expressed as natural logarithms to overcome the issue of nonstationarity. Thus, for example, when the target variable is the natural logarithm of the euro, then the inputs are the lagged natural logs for 5 days of the euro, gold, and oil.
Thus there are 15 inputs for each forecast. The neural network models were run using the SPSS package Clementine. Each was structured with one input layer of 15 nodes, one hidden layer of 18 nodes, and one output layer of one node. After training the network, Clementine generates not only a model to be used for forecasting, but also a list of variable importance for the inputs. This list assigns a value to each input indicating the relative amount the target variable changes when changes occur in the input variable.
The variable importance values over all variables sum to 1 for each network. Table 6 shows the mean absolute error in forecasting for the training and testing sets for each of the three networks. This error measure was stable from training to testing sets, indicating robust models that will do as well on unseen data as on data used for training. To give context to these values, the average values of the target variables over the training set are also given. For the network used to forecast ln gold, the lags of ln gold have the most impact, followed by those of ln oil, then ln euro. In forecasting ln oil, the ln oil lags have greatest impact, followed by ln gold, then ln euro last. In the last network with ln euro as the dependent variable, the ln euro lags have the greatest relative importance, then ln gold, followed by ln oil. Thus, the non-linear approach of the neural network indicates that it is picking up some amount of influence from the lags of each type for forecasting tomorrow's values.
Further discussion of similar issues using neural networks on these markets is presented in Dunis and Williams (2002) , Jamaleh (2002), Binner, Bissoondeeal, Elger, Gazely, and Mullineux (2005) , and Krichene (2008a Krichene ( , 2008b .
Conclusions
The U.S. economy has experienced dramatic increases during the pre-financial crisis period of 2000-2007 in the price of oil and its related products such as gasoline.
Fundamental analysis attributes these changes to substantial global increases in the demand for oil, particularly from emerging economies such as China, India and Brazil with major disruptions in the supply of oil due to the war in Iraq and the political problems in Venezuela.
In this paper we first offer a review of the markets for oil and gold prior to the the creation of the euro. This analysis demonstrates that the oil and gold markets had limited inter-relationships between them. Since the euro did not exist prior to 1999, it did not play any role. In contrast, during the 2000-2007 period, gold, oil and the euro markets appear to have moved together.
To analyze inter-relationships among the price behavior of gold, oil and the euro, we formulate certain hypotheses: (1) these three markets follow standard random walk behaviors meaning that these markets are efficient with available information rapidly being incorporated in the daily prices;
(2) these three markets are linked together; (3) oil increases contribute to inflationary expectations and may cause increases in the price of gold and increases in the price of the euro; (4) general inflationary expectations expressed by an increase in the price of gold or the price of the euro may also cause increases in the price of oil; finally (5) changes in the price of the euro influence the price of gold; this happens because the price of euro and the price of gold are both expressed in U.S.
dollars.
We use two methodologies to enrich the testing of these hypotheses. We perform various time series tests and neural network analysis. The time series analysis confirms that the first differences of the log prices are stationary. Since these three markets follow random walks we conclude that these markets are efficient. We do not find a relationship connecting all three markets. The Johansen test that these three markets are independent cannot be rejected. We also cannot find much in the form of causality. There is limited statistical evidence that gold is influenced by the euro.
The evidence from the time series methodology is enriched by the neural networks forecasting methodology that shows the prediction of oil prices using both the gold price and the euro as inputs with up to five lags in each variable as having a lower mean square error than the forecasts of either the price of gold or that of the euro. In other words, gold, the euro and their lagged values as well as oil lagged values predict very well the price of oil. The second finding from the neural network analysis shows that oil and its lagged values are inputs in predicting both the values of the euro and gold. Thus we confirm the existence of feedback not found in time series analysis. The best predicting variable for the euro, in addition to lagged values of the euro is gold not found in the time series analysis.
The overall conclusion is that oil, gold, and the euro are important global markets that challenge financial economists to articulate fundamental relationships among them.
There are of course market conditions of supply and demand for each market but there are also common inflationary expectations that influence concurrently all three markets.
Our analysis for the period 2000-2007 shows that the oil market is clearly influenced by both the euro and gold markets, in addition to its own fundamentals of supply and demand. Furthermore, movements in the price of oil influence both the price of gold and the euro. When the euro strengthens against the U.S. dollar, often the price of gold increases. However, there is sufficient evidence to indicate that no strong longrun equilibrium relationships exist among these variables and both methodologies indicate that each variable is driven primarily by its own lagged values.
